To evaluate the mechanisms underlying prolonged thrombocytopenia after allogeneic hematopoietic stem cell transplantation (SCT), an index for plasma glycocalicin normalized for the individual platelet count (GCI), plasma thrombopoietin (TPO), and circulating B cells producing anti-GPIIb-IIIa antibodies were measured in 50 SCT recipients with or without prolonged thrombocytopenia, 42 patients with idiopathic thrombocytopenic purpura, nine patients with aplastic anemia, and 22 healthy individuals. All three indices were significantly higher in the SCT recipients with thrombocytopenia than in those without (Po0.01 for all comparisons), and were significantly correlated with the platelet count in SCT recipients.
Introduction
Prolonged thrombocytopenia is a late complication of allogeneic hematopoietic stem cell transplantation (SCT), and it occurs in 5-37% of SCT recipients. [1] [2] [3] Isolated thrombocytopenia after SCT is mainly attributed to engraftment failure, recurrence of the underlying malignancy, microangiopathy, drugs, or viral infection, 4 but its underlying mechanism is uncertain in some cases, especially in patients who have survived for 6 months or more after SCT. Several studies have suggested that isolated thrombocytopenia that occurs late in the post transplant period is associated with chronic graft-versus-host disease (GVHD) 1, 5 or with the production of antiplatelet alloantibodies of recipient origin. 6, 7 Recently, measurement of the glycocalicin index (GCI) and circulating thrombopoietin (TPO) has been useful for discriminating increased platelet turnover from impaired platelet production. [8] [9] [10] [11] [12] Glycocalicin is a fragment cleaved from the extracellular domain of the plateletspecific glycoprotein (GP) Iba, and its plasma level normalized to the platelet count (referred to as the GCI) has been proposed as a useful parameter for evaluating platelet turnover. 13 The GCI is increased in hyperdestructive states, such as in immune thrombocytopenia. In contrast, TPO has been identified as a key cytokine for megakaryogenesis and thrombopoiesis.
14 A large increase in circulating TPO is detected in conditions in which bone marrow megakaryocytes are absent or present at low levels, such as aplastic anemia and amegakaryocytic thrombocytopenia. In addition, the detection of autoantibodies reactive with platelet surface GPs, such as GPIIb-IIIa, is a hallmark of immune thrombocytopenia, especially idiopathic thrombocytopenic purpura (ITP). 15 We recently established a convenient and sensitive assay for detecting circulating B cells that produce anti-GPIIb-IIIa antibodies, 16 which is useful for identifying patients with immune thrombocytopenia. In this study, we used these parameters, GCI, TPO, and antiGPIIb-IIIa antibody-producing B cells, to assess the processes underlying prolonged thrombocytopenia in SCT recipients.
Patients and methods

Patients and controls
We studied 23 SCT recipients who had prolonged thrombocytopenia (platelet count o100 Â 10 9 /l for more than 3 months) without sustained anemia or leukopenia, but no apparent cause for thrombocytopenia, such as engraftment failure, recurrence of the underlying malignancy, microangiopathy, or drugs. To minimize the potential influence of procedure-related complications, we selected patients who had survived for 4100 days after SCT. As a control, we selected 27 SCT recipients who had not been thrombocytopenic after day 100 and did not have anemia or leucopenia at entry. Factors potentially affected the platelet count were matched between the study and control groups as possible. All these patients underwent SCT for various hematological malignancies between February 1996 and November 2005. The transplanted grafts were granulocyte colony-stimulating factor-mobilized peripheral blood stem cells from sibling donors (n ¼ 7), bone marrow cells from unrelated donors or siblings (n ¼ 43). All the patients received cyclosporin or tacrolimus in combination with a short-term methotrexate for prophylaxis of GVHD. The clinical information for individual patients was retrospectively collected by the chart review. Chronic GVHD was defined according to the published criteria. 17 Blood samples from 42 adult patients with ITP and nine with aplastic anemia were served as disease controls for thrombocytopenia. At the time of the blood examination, all patients with ITP or aplastic anemia had a platelet count o100 Â 10 9 /l. ITP was defined as thrombocytopenia persisting for longer than 6 months, normal or increased bone marrow megakaryocytes without morphologic evidence of dysplasia, and no secondary immune or nonimmune diseases that could account for the thrombocytopenia. 18 The diagnosis of aplastic anemia was based on the following criteria: pancytopenia, absence of splenomegaly or lymph node adenopathy, and reduced cellularity of the marrow without dysplasia. 19 Twenty-two healthy individuals were also used as a control subjects. The study protocol conformed to the ethical principles of the World Medical Association Declaration of Helsinki as reflected in a priori approval from the Keio University Institutional Review Board. Peripheral blood samples were obtained after the patients and control subjects gave their written informed consent.
Bone marrow evaluation
Forty-five SCT recipients received bone marrow evaluation at the time of blood collection. The number of megakaryocytes on bone marrow films was rated as described elsewhere. 20 Thirty randomly selected high-power fields were examined by three independent observers, and the results were calculated as the mean of these values. One megakaryocyte per 45 low power fields was regarded as megakaryocytic hypoplasia.
Cell separation
Heparinised venous blood was obtained from all subjects at study entry. After separation of the platelet-rich plasma, the residual cell components were applied to a Lymphoprep (Nycomed Pharma AS, Oslo, Norway) density gradient for centrifugation to isolate peripheral blood mononuclear cells (PBMCs). Freshly isolated PBMCs were resuspended in RPMI1640 containing 10% heat-inactivated fetal bovine serum. Platelets were isolated from the platelet-rich plasma by centrifugation, and the supernatant was used as plasma.
GCI
The glycocalicin level was measured in duplicate using an enzyme-linked immunosorbant assay (ELISA) kit (Takara Biomedical, Ohtsu, Japan) according to the manufacturer's instructions. The lower detection limit of the kit is 10 ng/ml. The GCI was calculated using this formula: glycocalicin (ng/ml) Â 250 Â 10 6 divided by the individual platelet count per l. 13 The cutoff value for normal GCI was defined as the mean plus three times the standard deviation (s.d.) of 30 healthy individuals (2.30).
Plasma TPO
The plasma TPO level was measured in duplicate using a commercially available ELISA kit (R&D System, Minneapolis, MN, USA). The lower detection limit of the kit was 31.2 pg/ml. The cutoff value for normal plasma TPO was defined 142 pg/ml. 21 
Circulating B cells producing IgG anti-GPIIb-IIIa antibodies
The antiplatelet antibody response was evaluated by the detection of circulating B cells producing anti-GPIIb-IIIa antibodies, using an enzyme-linked immunospot assay, as described previously. 16 In brief, polyvinylidene difluoridebottomed 96-well plates were coated with 30 mg/ml purified pooled human GPIIb-IIIa (Enzyme Research Laboratories, South Bend, IN, USA). PBMCs (10 5 cells/well) were cultured on GPIIb-IIIa-coated wells at 371C in a humidified atmosphere of 5% CO 2 for 4 h and subsequently incubated with alkaline phosphatase-conjugated goat anti-human IgG (ICN/Cappel, Aurora, OH, USA). Antibodies bound to the membranes were visualized as distinct spots by incubation with nitro blue tetrazolium and 5-bromo-4-chloro-indolyl phosphate. Each experiment was conducted in five independent wells, and the results represent the mean of the five values. The frequency of circulating anti-GPIIb-IIIa antibody-producing B cells was presented as the number of 10 5 PBMCs, and the cutoff value was defined as 2.0. 16 Platelet-associated and plasma IgG anti-GPIIb-IIIa antibodies IgG anti-GPIIb-IIIa antibodies in platelet eluates and plasma were measured in some samples using ELISA according to the method described elsewhere. 22 Platelet eluates were prepared by incubating the platelets with 0.1 mol/l HCl followed by immediate neutralization with 0.2 mol/l NaOH. Antibody units were calculated from the OD 450 results, based on a standard curve obtained from serial concentrations of pooled plasma with a high level of IgG anti-GPIIb-IIIa antibodies. All samples were examined in duplicate. The cutoff values for normal levels of platelet- 
Statistical analysis
All continuous variables were expressed as the mean7s.d., and compared using the Mann-Whitney U-test. Differences in frequency between two groups were compared using the w 2 -test or Fisher's exact test when applicable. The correlation coefficient was determined using the single regression model. A stepwise multiple regression analysis was conducted to identify independent variables associated with the presence of thrombocytopenia. All statistical procedures were performed using the StatView software (SAS Institute, Cary, NC, USA).
Results
Patient characteristics
The demographic and clinical characteristics of SCT recipients with and without thrombocytopenia are summarized in Table 1 . All characteristics except the period between SCT and blood examination were nearly equally represented in the study and control groups. The length of time after SCT tended to be shorter in patients with thrombocytopenia than in those without, but this difference did not reach statistical significance.
Platelet turnover
Platelet turnover was evaluated by measuring the GCI (Figure 1a) . The GCI was significantly higher in SCT recipients with thrombocytopenia than in those without or in healthy controls (Po0.0001 for both comparisons), but the GCI in SCT recipients with thrombocytopenia was significantly lower than that in patients with ITP, a disease characterized by increased platelet turnover (P ¼ 0.001). Moreover, the increased GCI was detected less frequently in SCT recipients with thrombocytopenia than in ITP patients (52 versus 90%, P ¼ 0.001). There was a negative correlation between the platelet count and GCI in all SCT recipients combined (R ¼ 0.57, Po0.001).
Platelet production Platelet production was primarily assessed by measuring the plasma TPO. As shown in Figure 1b , plasma TPO was significantly increased in SCT recipients with thrombocytopenia compared with those without, ITP patients, and healthy controls (Po0.001 for all comparisons). The plasma TPO level was comparable between SCT recipients with thrombocytopenia and patients with aplastic anemia, a disease characterized by an extremely high level of TPO. 10, 11 The frequency of increased TPO was comparable between SCT recipients with thrombocytopenia and patients with aplastic anemia (70 versus 89%). It was noted that eight (30%) SCT recipients lacking thrombocytopenia also had an elevated TPO level. There was a negative correlation between platelet count and TPO in all SCT recipients combined (R ¼ 0.55, Po0.001). Bone marrow films were available for 45 SCT recipients, and megakaryocytic hypoplasia was more frequently detected in the 19 recipients with thrombocytopenia than in the 26 without (63 versus 27%, P ¼ 0.03). GPIIb-IIIa antibody-producing B cells was comparable between SCT recipients with thrombocytopenia and patients with ITP, a disease characterized by antiplatelet autoantibodies such as anti-GPIIb-IIIa antibodies. 18 In addition, the frequency of increased anti-GPIIb-IIIa antibody-producing B cells was comparable between SCT recipients with thrombocytopenia and ITP patients (91 versus 90%). It was noted that SCT recipients without thrombocytopenia also had increased anti-GPIIb-IIIa antibody-producing B cells compared with healthy controls (Po0.0001). When the results from the SCT recipients with and without thrombocytopenia were combined, the anti-GPIIb-IIIa antibody-producing B cell frequency was negatively correlated with the platelet count (R ¼ 0.48, Po0.001). The frequency of anti-GPIIb-IIIa antibodyproducing B cells was increased in all SCT recipients whose GCI was increased.
To evaluate whether the IgG anti-GPIIb-IIIa antibodies produced by B cells were present on the surface of circulating platelets in vivo in SCT recipients, both platelet eluates and plasma samples were used to detect anti-GPIIbIIIa antibodies. The levels of platelet-associated antiGPIIb-IIIa antibodies were higher in SCT recipients than in healthy controls, independent of the presence or absence of thrombocytopenia (Po0.0001 for both comparisons), but were similar to the level in ITP patients (Figure 2a) . On the other hand, an increased plasma anti-GPIIbIIIa antibody level was infrequent in SCT recipients and ITP patients (Figure 2b ). These findings indicate that IgG anti-GPIIb-IIIa antibodies are present mainly on the surface of circulating platelets in SCT recipients, as in ITP patients.
Identification of laboratory markers associated with thrombocytopenia in SCT recipients
Variables that significantly differed between SCT patients with and without thrombocytopenia by single regression analysis included GCI, TPO, and frequency of IgG antiGPIIb-IIIa antibody-producing B cells were analyzed. To identify variables independently associated with thrombocytopenia in SCT recipients, these three parameters were subjected to a stepwise multiple regression analysis. We found that the GCI and TPO were independent laboratory markers that pointed to specific mechanisms for post transplant prolonged thrombocytopenia (Po0.001 and 0.01, respectively).
Classification according to the GCI and TPO status
Distribution of the GCI and TPO levels was evaluated in the SCT recipients with and without thrombocytopenia, ITP patients, aplastic anemia patients, and healthy controls (Figure 3 ). There was no correlation between the GCI and TPO levels in all groups, confirming an independent nature of these two laboratory markers. SCT recipients with thrombocytopenia showed a heterogeneous distribution in terms of their GCI and TPO status: three (13%) with increased GCI and normal TPO; seven (30%) with normal GCI and increased TPO; nine (39%) with increased 5 PBMCs, respectively). Differences between two groups were evaluated using the Mann-Whitney U-test. Only statistically significant differences between SCT recipients with or without thrombocytopenia and other groups are shown. Right, correlations between platelet count and GCI, TPO, or IgG anti-GPIIb-IIIa antibody-producing B cells in all SCT recipients combined. A correlation coefficient was determined using the single regression model. A fitted line was obtained from the plots of all patients. . Differences between two groups were evaluated using the Mann-Whitney U-test. Only statistically significant differences between SCT recipients with or without thrombocytopenia and other groups are shown.
GCI and TPO; and four (17%) with normal GCI and TPO. In contrast, 18 (67%) of the 27 SCT recipients without thrombocytopenia and all 22 healthy controls had normal GCI and TPO levels. The patients with ITP and those with aplastic anemia showed distinct patterns: 38 (91%) of the ITP patients had increased GCI, and eight (89%) of the aplastic anemia patients had increased TPO. The GCI and TPO distribution in the SCT recipients with thrombocytopenia was apparently different from that in the ITP patients, but was rather similar to the distribution in patients with aplastic anemia.
Discussion
In this study, the pathogenic processes of prolonged thrombocytopenia in SCT recipients were evaluated by measuring convenient markers for platelet turnover, platelet production, and antiplatelet antibody response. As a result, the GCI and TPO were identified as laboratory markers that were independently associated with thrombocytopenia in SCT recipients, indicating that prolonged thrombocytopenia after SCT results from complex mechanisms, including increased platelet turnover and impaired thrombopoiesis. However, the frequency and magnitude of the increased TPO were comparable between SCT recipients with thrombocytopenia and patients with aplastic anemia, and the GCI and TPO status in SCT recipients with thrombocytopenia had a pattern similar to that seen in patients with aplastic anemia, suggesting that impaired thrombopoiesis played the predominant role.
Two-thirds of SCT recipients with prolonged thrombocytopenia had elevated TPO, at a level comparable to that of aplastic anemia patients. The level of circulating TPO is principally regulated by the level of its receptor c-Mpl, which is mainly expressed on megakaryocytes in the bone marrow. 24, 25 Taken together with the trend towards a high frequency of megakaryocytic hypoplasia in SCT recipients with thrombocytopenia, these data suggest that incomplete recovery of platelet production is one of the major causes of prolonged thrombocytopenia in SCT recipients. In this regard, the number of hematopoietic stem cells transplanted is reported to be important for platelet recovery after SCT, 26 but there was no difference in the number between patients with and without thrombocytopenia in our series of patients.
A significant proportion of SCT recipients with prolonged thrombocytopenia showed an increased GCI, although some of them had increased TPO as well. The increased anti-GPIIb-IIIa antibody-producing B cells and platelet-associated anti-GPIIb-IIIa antibodies in SCT recipients strongly suggest the involvement of plateletbound antibodies in the process of increased platelet turnover. There are several case series showing that thrombocytopenia observed after SCT can be treated successfully with corticosteroids, high-dose intravenous immunoglobulin, splenectomy, or androgen, all of which are used for treatment of ITP. 2, 5, [27] [28] [29] As the GPIIb-IIIa antigen used in our assays was purified from pooled platelets, the anti-GPIIb-IIIa antibodies could have been either auto-or alloantibodies. In this regard, thrombocytopenia caused by recipient-origin allo-antibodies has been reported in SCT recipients. 6, 7 One report described that antibodies of recipient-origin can be sustained for up to 8 years, due to the relative radiation resistance of recipient plasma cells, although recipient antibodies tend to disappear late in the post transplantation period. 6 Alternatively, unbalanced lymphocyte reconstitution after SCT may lead to the oligoclonal proliferation of the autoreactive B-cell repertoire and the resultant production of autoantibodies against platelets. 5 However, only half of the SCT recipients with thrombocytopenia and increased anti-GPIIb-IIIa antibody-producing B cells showed an increased GCI, and the anti-GPIIbIIIa antibody response was also detected in nearly half of the SCT recipients without thrombocytopenia. These observations suggest that the anti-GPIIb-IIIa antibody response is not necessarily associated with thrombocytopenia induced by platelet destruction in the periphery. The inability of anti-GPIIb-IIIa antibodies to bind circulating platelets is one potential mechanism, but the anti-GPIIbIIIa antibodies in SCT recipients were preferentially detected in platelet eluates rather than in plasma. The precise reason for the presence of antiplatelet antibodies independent of thrombocytopenia in SCT recipients is not clear, but it could be explained by an impaired capacity to process opsonized platelets by the reticuloendothelial system, which might be damaged by high-dose chemotherapy, radiotherapy, and/or GVHD. Therefore, SCT recipients are apparently prone to have an antiplatelet antibody response, but whether they develop thrombocytopenia or not may depend on additional factors, such as the reticuloendothelial function.
In summary, our findings indicate complex mechanisms of post transplant prolonged thrombocytopenia. Measurement of convenient serologic markers, GCI and TPO, may be useful to evaluate underlying processes of prolonged thrombocytopenia in SCT recipients.
